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ADVANCE RESTRICTED REPORT --

EFFECT OF WING LOADING AND ALTITUDE ON LATERAL STABILITY
AYD CONTROL CHARACTERISTICS OF AN AIRPLANE AS DETERMINED
BY TZSTS5 OF A MODEL IN THE FREE-FLIGHT TUNNEL

By John P, Campball and Charles L., Seacord, Jr.
SUMMARY

An investigation to determine the affecte of wing
loading and altitude on lateral stabllity and cecontrol has
been carried out in the NACA free-flight tunnel. Thoe re-
sults of flight teasts of the model were corrsleted with
calculated stabllity boundaries, and an effort was made
to determine for each lording condition the airplans con-
flguration that gave the best flight characterilstics.

By changing the welght of the model, the relative den-
elty was varled to repressnt alrplarce wing loadlngs of 16
to 90 pounds por squaro foot at sea level.or lighter loads
at altitude. The dihedral angle was varied from 0° to
11.5° and the vertical-tall area from 3,5 to 14 percent
of the-wing aresa.

The tests showed that increasing wing loading and
altitude di1d not affect spiral stability but reduced
ogsclllatory stability, increased the difficulty of main-
taining wing-level flight, and caused the geneoral flight
bohavior to become worse, The best flight characteristics
at all loadings were obtailned with conditions of small
dihedral and large vertical-tall area.

INTRODUCTION

Recent military airplane design trende have been to-
ward lncressed wing loading and increasad ceiling. These
changes combine to cause increasss in the factor u, the
ratlio of airplanse density to air density, because this
factor varies directly with both wing loading and altitude.
Recent theoretical papers (references 1 and 2) have pointed



out that difficulty may be experienced in obtalning dynamic
latoral staebility with alrplanes having large valies of p.
Thoase papers indlcate that the ing:iabllity takes the form
of the Dutch roll, a combined rolling and sideslioning
oscillation, and that it 1is associanted with aigh values of
tlie wing dihasdral augle and low vertlecal-tall srea.

In an effort to odinin szperimental corrselation with
these theoretical rcsulfs and to determine the combinatlons
of vertical-tall area end dlhodral anglo that glve the bast
flring gqualitles for each loadlng, flight tests of a model
of a typical fightar alrplan: with propeller removed and
split flaps doflected 60° have bean carrilied out in the HACA
froe=flight tunnel., Tho rassults of this lnvestigation ore’
glven harein,

Tne flight invostigation coasistod in tasts of the
model in which the wing loading was varied to represent
valucs of p from 5.5 to 31,5, Thase valuss of  corre-
spond to wing loadlngs frocm 16 to 90 pounds vor square foot
for ths eirplene at sea level or from & to 34 pounds per
square foot at 30,000 feeot. '

for eaci of the losding conditions of the modsl, the
verticzl-tall area ani the dihedral ansjlc were varied over
a rang2 of valuos representative of proescnt-~dey airplane
configuarstions.

Tho rasults of th~ f£lizht teste of the model have been
correlated with at~tlllty Voundarier cnlculeted for the
particular model Sueted. =Tatirgs for svlral stability,
osclllatory stobility, and genernl f£llzght bshevior are given
for each condltion of tiae model.

SYizBOLS

Cr, 1ift cocfficiont (IL/qS)

Cy latoral-forcs coefficiset (¥/q3)

/ N
vowins moment

C awlng-moment coefficilant e T

n Y S \ 4bS / \

Cl rolling~-momeont coafficiont ( 1i: mong |
qb8 /

) lift, pounds



Y “lateral foree, pounds - -

Po mags dengity of air at steandard sea-level conditions,
slugs per cubic foot

P mags dengity of air at flight conditions, slugs per
cubiec foot .

b wing span, feet
8 wing area, square feet

Sy vertical-tall area, square feet

a dynamic pressure, pounds per sgquare foot (1/2p7V?)
a angle of attack, degrees

v alrgpeed, feet per second

GYB rate of change of lateral-force coefficient with
sideslip, per radian (3Cy/3f)

GnB rate of change of yawing-moment coefficlent with
sideslip, per radian (3C,/38)

Cig rate of change of rolling-moment coefficlent with
sideslip, per radian %301/35)

qu rate of change of yavwing-moment coefficlient with
rolling velocity, per unit of pbd/2V (gcq/a§¥>

rate of change of rolling-moment coefficient with
rolling velocity, per unit of pb/2V (acl/a-g-%>

G, rate of change of roliing-moment coefficlent with

yawing veloclty, per unit of r'b/zv (act/a.?a.%>

Gnr rate of change of yawing-moment coefficient with
yawing velocity, per unit of rbd/2V (acn/a-§$
B angle of gideslip, radians

Xl

P 'rolling angular veloclity, radians per second

Ve



T yawing angular velocity..rqdians per second

A aspect ratio (b?/8§)

m airplene relative-density factor (m/psf)

m mass, slugs (W/g)

g acceleration of grevlity, feet per second per second
| wvelight of alrplane, pounds |
¥/S wing loading of.airplane. pounds per aquare foot

Y angle of flight peth to'horizontal. degrees

r dihedral angle, degrees

kx/b ratio of radius of gyration about X axis to wing,
span

kz/b ratio of radius of gyration sdbout 2 axis to wing
span

R Routh's discriminant

b coefflclent in stadllity quartio equation, given in
reference 1

(A1l coefficientes are referred to stabllitry axes.)
MODEL

Two gimilar 1/18-acale models, one of light and one
-0f heavy construction, were used for the tests to permlt
large changes 1n wing loading, A drawing of the models =aa
teated 1s shown in figure 1, '

Both models were 80 constructed that weight, dihedral
anglo, and vertical-tall area could be changed without
effecting the center of gravity or the radil of gyration,
The lilght model, representing a wing loading of 16 pounds
per square foot, was constructed of bulse} whereas the heavy
model, representing wing loadings from 30 to 90 poundse per
square foot, was bdullt princilpally of spruce and plywood,



Both models were equipped .with gplit flaps with chords 20
percent of the wing chord. The split flaps, whiéh extended
from the fuselage to the allerons, were deflected 80°, The
controls were electrically operated D7 a ¥pillot® 4in the
same manner as those described in reference 3, The ratios
of the radil of gyration to the wing span were held con=
stant at 1; = 0.143 and 1; = 0,202, and the center of

gravity was held at 33 percent of the.mean aerodynamlc
chord. ) .

MEASUREMENT OF SIDESLIP DERIVATIVES

The sldeslip derivatives 019. GnB. and 'GYB were

determined for the different combinmtlions of vertical-tall
area and dlhedrel angle by tests on the six~component bal-
ence in the NACA free~flight tunnel, All the tests were
made at an anglo of attack of 89, corresponding to a 1lift
coefficlent of 1.0, and at a dynamic prsssuro of 4.09 pounds
par squaro foot. The derivatives were calculated from the
slopcs of the curves of O©y5, Cp, and GY plotted agalnst

anzloc of yaw, Tho veluos of clﬁ and for the com~

Gna
binationg of dihadral angle and verticel-tall area are
indicatesd 1n figure 2.

CALCULATION OF LATERAL~STABILITY BOUNDARIES

Tho'calculated lateral-stability boundaries araea given
in figura 3 for the four velues of p mueed in the flight
tests of the model, Thoe boundaries, which are the locl of
points of neutral spiral stebility (E = 0) and neutral
osclllatory stability (R = 0) at a 1ift coefficient of 1.0,
wore calculated by using the methods of refarcnce 1, which
ware based upon the standard stabllity equations developed
in referonce 4. The boundary curvas ropresent a simulta-
neous varlation of the stablility derivatives as given in
table I. It will be noticed thet the boundaries for R = 0
move upwerd and inward on the latersl-stability diagram as
» 18 increased. A single I = 0 Ddoundary, however, was
obtalned for all values of | nused; this result indicates
that splrel stabdility does not change with w.




The leteral-stability boundaries ware odtailnsd by
assuming various ratios of verticel-tall area to wilng area
SV/S and, for each of these ratlios, finding the values of
G1a for which E = 0 and for which B = 0, The deriva-~

tives Oy v cné. and 01r were found from the ghurts_of

reforence 5. The contribution of the Tertlcal tall to
-Gnr was, computed o7 the method of refercnae 1. Tag val-

ues of AcYa(fin) rogairtirod for thls computatiorn and the
variation of an and GYB with teil aree were obtained

from the force tests previously moentionsd herein, The
value of Op, for the model with the vertical tall removed

was c2stimated from meassured data for a similar model.
FPLIGHT TESTS

The flight tests wers made in the FACA free-flight
tunnel, which 1s descrlbed in refererce 3, All the tests
for dynamic laterasl stability and control were made at a
1i1ft coefficiont of 1.0. TFor the range of wiang loadlngs
covered, the nirdpaeds reéquired for flight at thls 1lift
‘coafficlont varlied from 28 to 66 feet per second,

Tke spirnl stabllity of the modél.waé determined by
the pllot from the rnte at which the model, wlth controls
fixed, sideslipped and rollad from levsl flight.

Oscillatory-stabllity tests consisted in starting a
laterel oscilletion Py an abrupt movement of the rudder
whillo the model was in laterally level flight, HKotion
plctures of the flights wers mnde iz an effort to measure
tha ‘period and damping of tho ensuing oscilletlion; however,
the flightse during which .the oscillztion weas not inter-
rupted dy control movements were seldom long onough for tha
damping of tho osecillation to be accurately determinod from
the motion~picture records. Visual observations of the
damping were also made, therefore, to supplament .the motion-
pleture records. .

Tha lateral cortrol vas Judged by the difficulty with
which wing-level flight was maintained, both with silorons
and rudder unsad together and with ailerons alons, Durilng
the flights with alleron nloae tho yawing due to aileron
deflectlon was notad, The anount of this yawing and the



"manner in which ‘the tiocdel returmed to neutral was- taken.
as an indlcation of the Ailrectional stabllity.

An over~all flight-~behavlior rating based on the
pllot!s opinlon of the general nature of the flights was
recorded for each condition, The fectors influencing
these ratings included spiral stability, the type of the
lateral ¢scillation, leteral control, and directional
stability,

RESULTS AXD DISCUSSION

Interpretetion of Results

The resulte are given in terms of actual airplane
wing loadlng at sea level, as the tests were medse at
standard sea~level conditlons. Inasmuech as p 1s direct-~
ly proportional to both wing loading and altitude, the
date given can be applied to alrplanes flylng at hlgher
altitudes; that 1s, an alrplane with an rctual wing load-
ing of 34 pourds por square foot flylng at an altitude of

30,000 feet, where 5& = 0.38, will have the same sta~

o
Pility characteristics es n similar ailrplane with a wing
lozdlng of 90 pounds per square foot flylng at sea level,
The varlastlon of w with effectivoe wing loading and alti-
tude is shown 1in filgure 4,

Although the results were obteslinad for a model with
flaps deflected and without a propeller, n wide range of
stablllty derivatives was covered by varying the verticel-
. ¥all area and the dlhedral angle. The results apply to
any alrplane having these particular stablility derivatives
regardloss of the alrplane configuretion. The conclusions
regardliag the sffect of p on lateral stability and con-
trol, however, are belleved to have generel applicetlon.

Lateranl Stadbility
Spirsl gtability.~ In the flights no change in spiral
stability with change in W was observed. This result was
in egreement with the taecoretlicel stabllity calculations,

Average splralwstnbillity ratings from flight tests at




different values of @ are shown in figure 5, which is a
lateral~gtability dliagranm (Gna agalnst -013) on which

the splral-stabllity boundary from fizure 3 has been lo-
cated. The ratings are placed on the diagram at polnts
having coordinates that correspond to the derivatlves
GnB and 015 obtained from force tests of the model.

The wilde band of neutral ratings shows that, over the
rarze covered, the degree of splral stablllity or lnsta-
bllity was 80 slight as to make it hard to locate defi-
nitely the condlition of nsutral spirnl stabllity. DThe
ratings lndicats that the calculated boundary does defilne
r. region of approximately neutral spliral stadlllty.

The tests showed further that the model in a condi-’
tlon of definite spiral 1lnstadbllity was not hard to fly.
For model conflguratlons that gave deflnlite splral sta-
b1lity (low vertical-tall area or higzh dlhedral angla).
morcover, the detrimental sffects of adverses yawlng due
to alleron deflectlion ware mora notlceable than for con-
flgurations glving spiral ianstadllity. Spiral stadllity,
therefore, does not appear important enough to be attalred
at the expense 0f other stablillity and control charactoris-
tlos. Thig statement 1s esvpeclally true for high wing
loadings, et which the yawlng caused by alleron deflec-
tlon in a2 high-dihedral configuration 1s llkely to start
or reinforce the latoeral osclllation.

Osclllatory stabillity.~ Increasing the valus of

causod a reductlon 1a osclllatory stabllity, as shown by
tho qualitative ratings for damplng of the osclllations in
figure 6, The magnitude of the effectes of changses 1n p

on the damping varled with changes in the model configura-
tlon, In general, the greatest effects of 4 were noted
with the high dihgdral angle and small vertical-tall areas,
a8 would be expected from the manner in which the oscilla-
tory-stability boundary (R = 0) shifts with increasing val-
uas of p. (See fig. 6.) '

Tho eoffects of B on the osclllatory stabllity with
the smellost tall (tall 1) could bo datarmined for only
two tost condlitlons becauss of poor directlonal~-stadbility
characterlistics with thils tall. The following discussion
ls therofore concerned only with talls 2, 3, and 4.

At 0° dihedral, the lateral osclllatlon wss practical-
ly deadheast for all values of vertical-tall area and all
valuos of W. No appreciable reduction in damping with



‘Increase in p - could Pe notéd even with the small ver-

tical tail (tail 2),

At 4° dihedral, the effects of u on the damping of
the oscillation were noticeabdly greater than at 00 dbut
were not serlious for any value of vertical-taill area, At
the small values of @k with all vertical talls and even
at the highest values of {»° with the largest tall, the
damping was heavy. Increasing the value of W caused a
sizable reduction in the damping with the small vertical
tail (teil 2), but the oscillatory inetability indicated
by tho calculated R = 0 boundary was not noted in the
flight tests at this condition. (See fig. 6.)

At the 8° and 11° dihedral angles, the effect of p
on the dampling of the oscillation was apparent even with
the lerge vortical tall., Incroasing p caused reductlons
in damplng that were sufflclent - ln some cases to cause
oscillatory instability, This instadility was slight,
however, and even for the worst conditions (11° dihedral,
tail 2, and p = 31,5) did not prevent the making of some
sustained flights., On the other hand, the instability was
consldercd oobJectlonnble in that i1t introduced conslider-
ablo difficulty in keeplng the wlngs lovel wlith aileron
control. This difficulty was causcd by a lightly damped
rolling motion, which was essentially oscillatory 1in
naturc dut which was usually started by ailleron deflec—
tlons,

Although insufficlient gquantitative data were obtalned
in the flight tests to afford an accurate experlmental
chack of the calculated oscillatory-~stabllity boundaries
for the difforent vezlues of n, 1t appocers from the rate
ings of flgure 6 that the boundarles were conservative;
that 18, the calculated boundariles, irn general, seemed to
exaggerate the detrimental effect of high values of B on
oscilletory stadbility and soms theoretically unstable con=
ditions appeared stable in the flight tests. It should be
noted, however, that in no case was the flight behavior
for theso theoretically unstable conditions considered
entirely satlsfactory., It therefore appears that, although
these particular stability boundaries were not accurate
indlcations of neutral oscillatory stadility, they were
usaful to some extent as indications of conditions of un-
satlefactory flight behavior,
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Lateral Control

Increasing the value of pu Increased the dlfficulty
of malntalning a wing~level attltude with alleron control,
In flights with values of p of 21 and 31.5, attempts to
ralse a low wing by use of the allerons usually resulted
in a2 bank in the opposlte dlrectlon. At times, because of
this teandency to overcorrect deviations 1r bank, several
alternate right and left eslleron deflectlons were neces-
sary to return the model to wing-level flight.

It was believad that the tendency to ovarcontrol with
the allerons was caused principally by the increased moment
of inertls in roll, although the fact that higher alleron
rolliag velocltles ware obtslned at high values of p
prodably contributed to the difficulty. The moment of
inertiae 1ncreased 1n direct proportion to the increase .in
e The rolling veloclty due to allerons increasod in di-
rect proportlon to the square root of pn. This 1ncrease
in rolling voloclty was caused by the higher alrspesds
necessary for flylang at the same 1lift coefficlent with.ths
high values of u.

In an offort to determine which of the two factors -
nonent of inertla in roll or rolling veloclty duse to
gcllerons - was the chlof cause of the overcontrol, flizhts
wers made at p = 31.5 wilth the allsron travel reduced so
as to prodvce smaller rollling velocitles, The flizhts
wore somowhat smoother, but after large dlsturbances the
tendenec” to ovarcoantrol when returning to level flight was
still presecat.

In order to verlfr the indicatlon that moment of
inertia was the principal causo of the overcontrol, tests
woere made with the light model (p = 5.5) flown at the same
alrspeed as that used for tho flights at p = 31.5. At
thls alrspeed, which corresponded to a 11ft coefficlent of
about 0.2, the allerons developed the same rolling moments
and velocltlus as in the tests at p = 31.5, but the fllghts
were much gmoother and showed none of the tsndencles towerd
orarcontrol that were noted in tha flights -at heavier load~
ings. It was thus concluded that increased moment of iner-
tla in roll was the chlef cause of the overcontrolling dif-
ficultles at the high values of .

Although the concluslon that increased moment of
inartia in roll caused overcortrolling difficultles was
established only for a case in which Ju was 1lncreased by



11

.increasing wing loading, this fact also holds for the
caso in which p 18 increased by flying at altitude.
For an airplanc flying at altitude the ectual moment of
inertia in roll would be the same as at sea level, bdut
the ratio of the moment of inertia-in. roll to the aero-
dynamic damping moment opposing roll would be greater
because the damping moment varies directly with alr den-
glity.

General Ilight'Behavior

The general flight behavior of the model became
worse with increasing values of p, &8s indicated by the
flight-behavior ratings 1a figure 7. These ratings are
indications of the combined effects of all lateral sta-
bility and control characteristics on the nature of the
flights. It appaars from a comparigson of the ratings of
figzure 5 with those of fligure 6 that oscillatory stabll-
ity was the principal factor influencing the pillot's
opinion of the general flight behavior of the modsl in
this lnvestigation.

Combinations of vertical-tall area end dihedral an-
gle that gave the best flights at small values of u
usually gave the best flights at higher values of p.
Witk increasing values of p, however, the number of model
configurations that gave satisfactory flight behavior be-
came progressively smaller, At the low values of u sat-
isfactory behnvior was obtalned at all dihedrals with the
two large tails (tails 3 =nd 4) and at the low dihedrals
with tall 2, At the highest value of u, however, satis-
fectory conditions were obtained only with small dihedral
and large talls.

For all values of pu the flight tests 1ndlcated
that, 1a generrl, the best flight behavior was provided
by model configurations that had low values of effective
dihedral and high values of effective vertical-tall ere=e.
With large values of dihedral, the detrinental effects of
edvorse yawlng were ususlly evident and in some cases the
osclllatory stability was poor, With lov effective
vertical-tall area, the directional stability was poor, as
evidenced by excessive yawing motions, The smallest tall
(ta1l 1) did not provide satisfactory directional stadbility
even with 0° dihedral angle, for which the value of an

of 0,01 indicated positive stability,
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CONCLUSIONS -

Based on tests of two similar 1/18-gcale dynamie
models without propeller in the NACA free-flight tunnel,
the following conclusions concerning the effsct of wing
loading and altitude, or the alrplane relatliva-density
factor p, on lateral stabllity and coatrol were reached:

l. The value 0f u apparently had no effect on
spirel stebility; tikis rosult wvas 1n agreement with the
calculated spiral-stability boundaries.

2., Increasing the velue of p caused a reduction in
osclllotor stability., Although the trend of this reduc-
tion wee the same .as that lndicated by the calculatad
oscillatory-stability boundariss, some flights were pos-—
sible at condltiors well on the unstablo side of the cal-
sulated btouadarias.

3. As p was increoased, the difficulty of mairtain~
ing laterrlly leval flight with ailerons became grester,

] 4. In goneral, the flight behavior became worse as

b wvas Increased. Satisfactory flight behavior for sll
loadings was obtalned, however, with small dlhedral and
large vertical-tall area.

Langley Momorinl Asronautical Laboratory,
¥etionnl Advisory Committoe for Aoronautics,
Langley Field, Veo.
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VALUES OF DERIVATIVES USED IW STABILITY CALCULATIOLWS
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